Proteases act in important homeostatic pathways and are tightly regulated. Here, we report an unusual structural mechanism of regulation observed by the 2.5-Å X-ray crystal structure of the serine protease, granzyme C. Although the active-site triad residues adopt canonical conformations, the oxyanion hole is improperly formed, and access to the primary specificity (S1) pocket is blocked through a reversible rearrangement involving Phe-191. Specifically, a register shift in the 190-strand preceding the activesite serine leads to Phe-191 filling the S1 pocket. Mutation of a unique Glu-Glu motif at positions 192-193 unlocks the enzyme, which displays chymase activity, and proteomic analysis confirms that activity of the wild-type protease can be released through interactions with an appropriate substrate. The 2.5-Å structure of the unlocked enzyme reveals unprecedented flexibility in the 190-strand preceding the active-site serine that results in Phe-191 vacating the S1 pocket. Overall, these observations describe a broadly applicable mechanism of protease regulation that cannot be predicted by template-based modeling or bioinformatic approaches alone.
P
roteolysis plays an essential role in many biological pathways, an importance that is emphasized by the wide range and diversity of proteases that account for Ϸ2-3% of the human proteome (1) . Of these, the largest group is the primary specificity (S1) family of serine proteases whose active sites contain three distinct features. The first is the catalytic triad (H57, D102, and S195 in chymotrypsin numbering) that creates a nucleophile to attack the substrate peptide bond. Mutation of any of these residues abolishes activity. Second is the ''oxyanion hole'' created by the main chain amide groups of S195 and G193. The positive charge in this region neutralizes a negatively charged oxygen atom in the substrate that is transiently formed during catalysis. Last, a conserved salt bridge is formed between the N-terminal amine group and the side chain of D194. This interaction introduces constraints on the active-site architecture that aid in cleavage efficiency.
Given the diversity of irreversible effects that serine proteases can have on a variety of biological pathways, their actions are tightly regulated. During biosynthesis, most serine proteases follow a one-step activation pathway involving precursor processing. They are initially synthesized as inactive precursors (zymogens) in which the active site is unformed. Limited proteolysis at the N terminus removes the inactivating propeptide, thus allowing the protease to fold into a mature, active state. Once activated, serine proteases are controlled by a variety of inhibitors that may be either specific (for example, inhibitors of the serpin family) or nonspecific (such as ␣ 2 -macroglobulin) to ensure that they exert their effects only within the correct context. Many proteases incorporate a further level of control and are active only in the presence of small molecule cofactors [typically metal ions (2) ] or large ligands such as glycosaminoglycans (3) or other proteins (4) . This results in a two-step active-site assembly pathway for activation, from the inactive zymogen to an intermediate with a partially formed active site, and finally the fully active protease. An equilibrium exists between the intermediate and active states that is skewed toward inactivity. Binding of the ligand induces conformational changes in the protease that swing the equilibrium in favor of the fully active state. This conformational control involves transmitting the effects of ligand binding at one site to the distal protease active site, a process termed allostery. Although the method of activesite deformity can differ widely between allosteric proteases, in all cases one of the catalytic residue side chains will be rotated away from the others, which often has the added effect of disrupting the oxyanion hole.
Here, we describe the crystal structure of granzyme C (gzmC), a rodent S1 serine protease expressed by cells of the immune system, which has been proposed to induce apoptosis in target cells (5, 6) . However, gzmC cannot cleave a range of peptide substrates (7) and cannot bind diisopropyl fluorophosphate, indicating that the active site is distorted or highly constrained (8) . The structure reveals a mode of protease control involving a ''gated pathway'' in which the oxyanion hole is unformed and the active site is reversibly occluded by the substrate-like side chain of an adjacent residue.
Results
Structure of Wild-Type (WT) GzmC. To investigate why gzmC appears catalytically inactive (7, 8) , we determined its structure to 2.5 Å (Table 1) . Two essentially identical gzmC molecules form a dimer in the asymmetric unit of the crystal, although there is no evidence for dimerization in vivo. Residues Ile-16 -His-244 (chymotrypsin numbering of residues is used throughout) are visible in electron density and adopt the expected chymotrypsin-like serine protease fold (Fig. 1A) , with the conserved catalytic residues His-57, Asp-102, and Ser-195 adopting canonical and hence potentially functional conformations.
Sequence alignment of gzmC to its closest related homologs, gzmA and gzmB, predicted no insertions or deletions around the active site of gzmC [supporting information (SI) Fig. S1 and ref . 9] . However, a structural comparison of gzmC with granyzme A (61% identity; rmsd. 1.04 Å over 190 C ␣ atoms; Fig. 2A ) revealed an unusual conformation of the active site that could explain gzmC inactivity (Fig. 1B) . In particular, the structural data revealed that a register shift (Fig. S1 ) in the 190-strand that precedes the catalytic Ser-195 results in Phe-191 and Glu-192 bulging into the active site (Fig. 2B) . As a result, the S1 pocket is filled by Phe-191, whereas Glu-192 covers the active site by forming a salt bridge with Arg-99 across the catalytic cleft (Fig.  1B) . Furthermore, the oxyanion hole is improperly formed as the 192/193 peptide bond is ''flipped'' so that the amide group points away from the substrate, and the carbonyl oxygen of Glu-192 forms a hydrogen bond with the backbone amide of Ser-195 (thus occupying the space usually filled with a P1 carbonyl; Fig.  2C ). Superposition of gzmC with trypsin bound to basic pancreatic trypsin inhibitor (BPTI; rmsd 0.96 Å over 189 C ␣ atoms) indicates that, separately or collectively, these rearrangements would inactivate the protease and block substrates from interacting with the active site (Fig. 1B) .
Unlocking GzmC Activity. We next investigated the molecular basis for gzmC autoinhibition, by using site-directed mutagenesis to ''unlock'' activity by removing the constraints identified by the structure. Glu-192 and Glu-193 were mutated, either alone or in combination, to the corresponding residues in mouse granzyme B (Arg-192 and Gly-193) because this is the most closely related protein to gzmC. Activity was assayed on a succinyl-Phe-LeuPhe thiobenzyl ester substrate because the presence of Phe-191 within the S1 suggested a similar P1 specificity. All three mutants were active, although the relative activity could not be determined in the absence of an active-site titrant (Fig. 3 ). An R99A mutant did not display activity, suggesting that backbone interactions of Glu-192, rather than steric hindrance by the side-chain salt bridge, are responsible for WT gzmC inactivation.
We note that the backbone of Glu-192 adopts stereochemically unfavorable / geometry (Ϫ51.99°/Ϫ29.96°), yet is unambiguously modeled in electron density (Fig. 4 ). This suggests that the H-bond interactions between Glu-192 and Ser-195 provide enough stability to outweigh its unfavorable backbone stereochemistry. Furthermore, the activity of the E192R mutant, which Unlocked only RNA-binding protein 5 Q91YE7 Cyan, loops and turns; red, ␣-helices; yellow, ␤-strands. Catalytic residues (magenta) D102, H57, and S195, inactivating residues (green) R99, K143, P191, E192, and E193 and BPTI main chain and P1 side chain residues (orange) are shown as stick models colored by element: red, oxygen; blue, nitrogen. The figures were rendered with PyMOL (32).
retains glutamate at position 193, demonstrates that the highly conserved glycine at this position is not essential for serine protease function.
Having demonstrated the catalytic potential of gzmC, we then investigated the effects of common protease cofactors on cleavage of succinyl-Phe-Leu-Phe thiobenzyl ester in an attempt to identify potential activators. However, no increase was detected in the activity of gzmC WT or the E192R/E193G mutant, in the presence of monovalent or divalent cations, common glycosaminoglycans or extracellular matrices, or by varying the pH from 3.1 to 7.4 (Table S1 ). This suggests that activity is released by binding to a substrate or protein cofactor.
Structure of Unlocked GzmC E192R/E193G. To assess the changes in the S1 pocket of the unlocked form of gzmC, we determined the crystal structure of the double mutant E192R/E193G protein to 2.5 Å. The structure was essentially identical to that of the WT molecule (rmsd 0.27 Å over 203 C ␣ atoms) except that residues 145-152 and 186-192 were not visible in the electron density (Fig. S2 ). This indicates that breaking the H-bond network around Glu-192 results in extreme mobility of the 190-strand. Given that rigidity of the region around the active site of protease is important for function, this suggests that this strand is stabilized by substrate or cofactor binding.
Substrate Specificity and Function of GzmC. To confirm substrateinduced activation and the preference for phenylalanine at the P1 position, we used proteome-wide N-terminal COFRADIC analysis (10) to identify substrates of WT or E192R/E193G unlocked gzmC in YAC-1 cell lysates. Eighteen substrates of unlocked gzmC were catalogued among the 982 proteins unambiguously identified by mass spectrometry, of which 6 were also cleaved by WT, although the signal ratios indicate that cleavage by WT gzmC was much less efficient (Table 1) . Cleavage by WT and unlocked protease occurred at the same position in each shared substrate, indicating that substrate specificity was unaltered in unlocked gzmC. Importantly, this demonstration of cleavage by WT gzmC confirms that it is an autoregulated protease capable of substrate-or cofactor-induced activation.
Employing a substrate phage display system, we then examined the extended substrate specificity of gzmC. Alignment of 68 unique sequences from two independent starting libraries treated with unlocked gzmC yielded the consensus recognition were identified by mass spectrometry. This showed that cleavage occurs only after the second phenylalanine residue. Importantly, this pattern matches the natural substrate cleavage sites identified by proteomics (Fig. 5) .
It has been reported that gzmC is cytotoxic when introduced into the cytoplasm of target cells (6) . To confirm this, we delivered WT gzmC and gzmC E192R/E193G into P815 mouse mastocytoma cells by using recombinant mouse perforin (Fig. 6) . We derived an EC 50 for WT gzmC of 39.6 M, 2,900-fold greater than that of human gzmB, whereas the unlocked mutant showed only a 4-fold improvement (EC 50 ϭ 11.2 M). This suggests that even when catalytically competent, gzmC is an extremely inefficient cytotoxin and is unlikely to be cytotoxic in vivo. Alternative possibilities are that it is cleaves viral proteins as reported for its human homolog gzmH (11), or it is involved in immune signaling as recently shown for gzmA (12) .
Discussion
Our structure reveals a mode of allosteric protease control involving a gated pathway in which the active site of a mature protease is occluded by a neighboring substrate-like side chain, Phe-191. Movement of Phe-191 out of the S1 pocket is required to allow activity and proper formation of the oxyanion hole, and this is most likely regulated by the register shift in the 190-strand. The flexibility required exists because gzmC, along with 10% of S1 family serine proteases, lacks a conserved C191-C220 disulfide bond that would tether the 190-strand and restrict its movement. As with many allosteric proteases, mature gzmC also has features reminiscent of unactivated (immature) zymogens, such as the unformed oxyanion hole (caused by flipping the 192-193 peptide bond) and the distortion of some substratebinding pockets. Among the mature allosteric proteases, gzmC shows similarity only to Na ϩ -free thrombin, where residue 192 lies over the active-site cleft and obstructs the S2 pocket (13) . However, the striking feature of gzmC is the filling of the S1 pocket and the associated register shift.
Register shift in other proteins is controlled by a variety of mechanisms, including cofactor binding (14, 15) and posttranslational modifications such as phosphorylation (16) , and we therefore propose that an exosite exists around the surfaceexposed 185-loop. Interactions in this region would restore the register of the 190-strand to that observed in other serine proteases, thereby releasing residues 191 and 192 from the S1 pocket, forming the oxyanion hole, and allowing gzmC to accommodate and cleave substrates. In support of this model, a potential cofactor interaction site containing high B factors (and therefore predicted high mobility) exists in the WT gzmC structure around the 185-, 145-, and 220-loops. These regions comprise the so-called activation domain of serine proteases (17) , and their involvement in the activation of gzmC would be consistent with the appropriation of zymogen-like features in the inactive state of allosteric proteases. Furthermore, the structure of the unlocked gzmC E192R/E193G mutant shows increased flexibility in both the 190-strand and 185-loop, suggesting that both regions move in concert (Fig. S2 ). Because these mutations substituted amino acids from granzyme B (which does not display this mechanism of allosteric control despite lacking the C191-C220 disulfide bond) the flexibility observed in gzmC must be inherent to this region of the protease with the strained conformation of residues 192 and 193 providing an energy barrier that locks the molecule in the inactive conformation.
It is important to note that although this mode of regulation is applicable to any class of protease, molecules subject to this mechanism may be difficult to identify a priori. Its conformational nature precludes identification via homology-based approaches, although further understanding of the features of the 190-strand that permit its flexibility may eventually aid in this. Furthermore, cocrystallization of proteases with an inhibitor (as is commonly done) would stabilize the open state of the active site, thereby concealing potential movements of the 190-strand. Despite these issues, there are still candidates in the literature that may be susceptible to this mode of inhibition. For example, Sixty-eight phage sequences randomly selected from both experiments were aligned, and amino acid selectivity at each subsite was analyzed with a ⌬ cutoff of 5 applied. (B) The P5-P5Ј sequence of 19 gzmC cleavage events identified by proteomics was subject to the same analysis as in A except that the ⌬ cutoff was reduced to 1 because of the small sample size. Fig. 6 . Granzyme C is a poor cytotoxin. P815 cells were treated for 1 h with a sublytic concentration of perforin and varying concentrations of gzmC WT (triangles), gzmC E192R/E193G (circles), or human gzmB (squares). Cells were allowed to recover overnight, and survival was measured by MTT assay. EC 50 values were determined by fitting a sigmoidal dose-response curve with variable slope. mast cell protease 8 is unable to cleave peptide substrates despite a predicted functional fold (18) .
In conclusion, our structure of gzmC has unveiled an allosteric mechanism for protease control based on tertiary fold interactions that cannot be easily predicted. This method of control should be considered in cases where proteases are catalytically inert despite containing all of the hallmarks of an active enzyme.
Materials and Methods
Production of Recombinant Granzymes. Recombinant WT gzmC was amplified with primers 5Ј-GGCAATTGCACCATCACCATCACCATGAATTCGATGAC GACGACAAGATAATCGG (sense) and 5Ј-GGCAATTGTTAGCTGTGTT-TCATCGTTTTCTTTATCC (antisense) from a cDNA kindly provided by R. C. Bleakley (University of Alberta, Edmonton, Canada) and cloned into the pPIC9 vector (Invitrogen). GzmC was mutated by PCR mutagenesis with oligonucleotides 5Ј-GGAGCTTCCTTTCGCGAGGATTCTGG and its complement (E192R), 5Ј-GGGAGCTTCCTTCGAAGGGGATTCTGGAGGC and its complement (E193G), and 5Ј-GATCAAGGGAGCTTCCTTCCGCGGGGATTCTGGAGGCCCGC and its complement (E192R/E193G). Electroporation of Pichia pastoris and purification of the gzmC zymogen from culture supernatant were as described (19, 20) . After activation, enterokinase was removed by cation exchange over SP-Sepharose (GE Healthcare). Activated gzmC was analyzed by mass spectrometry and N-terminal sequencing to confirm correct processing by enterokinase.
Functional Assays. Granzyme C activity was measured by incubating 50 M succinyl-Phe-Leu-Phe-thiobenzyl ester (Bachem) and 500 M 5,5Ј-dithiobis-(2-nitrobenzoic acid) (Sigma) with granzyme in 10 mM Tris, 150 mM NaCl (pH 7.4) and following the increase in absorbance at 405 nm. Phage display and perforin-mediated killing assays were performed as described in ref. 21 . X-Ray Data Collection, Structure Determination, and Refinement. WT and mutant gzmC crystallized isomorphously in space group P61, diffracted to 2.5-Å resolution, with two molecules in the asymmetric unit. Data for wildtype and mutant crystals were collected at 100 K using an in-house CuK␣ source, and at the Industrial Macromolecular Crystallography Association Collaborative Access Team beamline 17-ID at the Advanced Photon Source, Chicago, respectively. Raw diffraction images are available at http:// arrow.monash.edu.au/hdl/1959.1/61033. The data were merged and processed with MOSFLM (23) and SCALA (24) from the CCP4 suite (25) . Five percent of each dataset was flagged for calculation of Rfree (26) with neither a nor a low-resolution cutoff applied to the data. A summary of statistics is provided in Table 2 .
The structure of WT gzmC was determined by molecular replacement using PHASER (27) and the structure of granzyme B (PDB identifier 1A1U) as a search model, the closest structural homolog identified by using the FFAS server (28) . A ''mixed'' model consisting of conserved side chains (all other non-alanine/ glycine residues truncated at C ␥ atom) was then created by using the SCRWL server (28) . Two clear peaks in both the rotation and translation functions were evident, and these packed well within the unit cell. Together with the unbiased features in the initial electron density maps, the correctness of the molecular replacement solution was confirmed.
Because the mutant protein crystallized isomorphously with WT, structure refinement of the mutant proceeded by using refined WT coordinates. Structure refinement and building were performed by using the CCP4 suite, REF-MAC (29) [incorporating translation, libration, and screw-rotation displacement (TLS) refinement], and COOT (30) . Throughout refinement of both structures, tight NCS restraints were imposed on the two molecules. A bulk solvent correction (Babinet model with mask) was used within REFMAC. Water molecules were added to the model by using ARP/wARP (31) when Rfree reached 30%. Solvent molecules were retained only if they had acceptable hydrogen bonding geometry contacts of 2.5-3.5 Å with protein atoms or with existing solvent and were in good 2Fo Ϫ Fc and Fo Ϫ Fc electron density. Values in parentheses refer to the highest resolution shell. *The free R factor was calculated with the 5% of data omitted from the refinement. 
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